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Achieving ceramics that combine stiffness, strength, and toughness in complex geometries
remains a major challenge, limiting their use in applications such as bone implants. Bio-
inspired architectures — composed of stiff, strong building blocks connected by deformable
interfaces — offer a promising solution. However, their implementation is constrained by
limited control over the arrangement and composition of blocks, especially in constructs with
complex shapes at centimeter- to meter-scale. We present a light-based printing method that
deposits and assembles interlocking ceramic bricks onto connecting micro-pins, inspired by
nacre’s growth mechanism. A custom alumina resin was developed and printed using a tabletop
LCD 3D printer, sintered, and subsequently infiltrated with polycaprolactone, a tough and
biocompatible polymer that forms the deformable interfaces. The resulting nacre-like
constructs, with 76-78 wt% (50-52 vol%) ceramic, showed flexural stiffness of 2.27 +0.44
GPa, strength of 41.4+1.33 MPa, and energy absorption of at least 6.35+0.97 MJ/m>. These
values match the energy absorption of cortical bone, exceed the rule-of-mixtures value by
fivefold, and surpass that of monolithic ceramic by over 4,000 times. Finally, a 5 cm-long
nacre-like construct replicating the geometry of the human tibia was fabricated and tested in

flexion, demonstrating scalability and potential for biomedical applications.



Introduction

Ceramics are widely valued for their stiffness, strength, lightness, scratch resistance, and
chemical versatility, enabling applications across aerospace, electronics, and biomedicine.
Also, technical ceramics such as alumina have an overall ecological footprint similar to wood-
based materials '. Yet their inherent brittleness and the difficulty of shaping them into complex
geometries without compromising mechanical properties have yet constrained their broader
utility. Nature offers a blueprint for overcoming these limitations **. Materials such as
seashells, tooth enamel, and stomatopod dactyl club achieve remarkable toughness through
precise architectures composed of stiff mineral building blocks connected by energy-
dissipative interfaces >’. The stiffness and strength arise from the building blocks, while
toughness is imparted by the interfaces and architecture. Interfaces impede crack propagation,
and architecture enables progressive sliding of the blocks, resulting in deformability. These
mechanisms lead to outstanding toughness amplification ®. For example, nacre from seashells
has a brick-wall architecture composed of 95 wt% brittle aragonite platelets, yet exhibits a

toughness of 1-2 kJ-m2 — nearly three orders of magnitude greater than that of pure aragonite

9

Inspired by nacre, numerous nacre-like materials with exceptional mechanical properties have
been developed over the past two to three decades. The fabrication techniques can be broadly
classified into two main categories: (i) Bottom-up approaches, which begin with building

blocks and assemble them into complex architectures, such as a nacre-like architecture. These

14-18 20-25

methods include self-assembly 13, freeze casting '*'®, slip casting ', 3D printing 2%°, and a

variety of other methods, such as centrifugation and vibration, to mix and align particles 26-;

and (ii) Top-down approaches, such as laser engraving 3!

, Which start with bulk materials
and sculpt internal architectures by carving interfaces within the material. Despite significant

progress, practical application remains hindered by:
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1. Precise control over building block shapes and arrangement (order), particularly in complex

geometries,
2. Scalability of the order to centimeter- and meter-scale constructs, and

3. Limitations in tailoring the composition of building blocks. In biomedical contexts, the need
for biocompatible materials further narrows the range of suitable constituents, imposing

additional constraints on material selection.

Here, we report a fabrication procedure inspired by the natural growth of nacre by printing
ceramic building blocks onto connecting micro-pins — similar to how aragonite platelets grow
on mineral bridges in nacre (Fig. la-c) *. This method enables the simultaneous construction
of both the building blocks and the architecture while leveraging the stiffening and
strengthening roles of the micro-pins. The process provides full control over the shape,
arrangement, and composition of the ceramic components, as well as the overall geometry of
the construct. The shape of the building blocks can be tuned to achieve the desired mechanical
properties in the anticipated loading condition, while the geometry can be tailored to fit the

desired application.
Results
Fabrication

Overall Fabrication Process. We selected photopolymerization to grow ceramic building
blocks on connecting micro-pins, a technique that offers the resolution needed to precisely
define block geometry. Among available photopolymerization methods, liquid crystal display
(LCD) 3D printing was chosen for its high resolution (tens of micrometers), scalability (up to
tens of centimeters), cost-effectiveness, and industrial viability ***°. To enable simultaneous
printing of building blocks, architecture, and overall shape, we developed a custom alumina

ceramic resin (Fig. 1d). A nacre-like 3D architecture with geometrical interlocking between



platelets in adjacent layers was designed using SolidWorks (Dassault Systémes, France) and
printed using a commercial LCD printer with a printing resolution of 50x50x 25 um (Zortrax
Inkspire 2, Olsztyn, Poland). The printer allowed selection of exposure intensity and duration
for successful layer formation and was equipped with a resin mixer to prevent particle
sedimentation. The printed ceramic green body was sintered to remove organic components,
yielding a pure ceramic construct (Fig. 1b). This construct was subsequently infiltrated with

biocompatible polymers, which served as the mortar phase between ceramic building blocks.
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Fig. 1. Growing nacre-like materials. (a) The internal structure of a bivalve shell showing the growth
of aragonite platelets on mineral bridges. Adapted from *¢. (b) and (c) SEM images showing the growth
of platelets and the mineral bridges, respectively. Adapted from *7. (d) The ingredients of the custom-
made ceramic resin. (¢) The fabrication process flow.

Custom Ceramic Resin Development. Ceramic resins have been developed previously,
mostly to make porous ceramics, including our own work *%*°. However, the use of commercial

photopolymers in these resins limits fine-tuning of their viscosity, particle concentration, and



photoactivity to enable the combination of resolution and photo-reactivity needed to print

building blocks on connecting micro-pins.

We formulated a ceramic resin with full control over particle size, distribution, and
concentration, as well as photo-reactivity and viscosity. Successful light-based ceramic
printing and sintering required meeting several interdependent conditions: (1) High ceramic
loading: >50-70 wt% of fine ceramic particles with a mean particle size (Dso) typically less
than 10 pm 42, (2) Low resin viscosity: ideally, less than 3000 mPa-s at a shear rate of 10 s
to ensure smooth flow and uniform layer spreading, (3) Resin stability: to prevent particle
agglomeration over time, (4) High photoactivity with fine resolution: to ensure complete
photopolymerization while maintaining feature fidelity. (5) Low processing temperature:

below 60 °C to avoid degradation of photoactive components **.

These parameters are interdependent; for example, increasing ceramic content raises viscosity
. or increasing photo-initiator concentration enhances reactivity but may reduce resolution #.

We addressed these requirements through the following strategies:

(1) Selecting a monomer combination to ensure low viscosity and high bonding stability.
We selected 1,6-hexanediol diacrylate (HDDA) as the primary monomer due to its low
viscosity *6. Diurethane dimethacrylate (UDMA) was added as the secondary monomer to
provide stronger and more durable polymer networks due to its four functional groups *’.
A 9:1 HDDA: UDMA ratio produced the lowest viscosity among the tested formulations
(Supplementary Fig. 1).

(2) Optimizing the photo-initiator to photo-absorber ratio to balance reactivity and resolution.
Sudan Orange G was added as a photo-absorber to improve printing resolution. An 8.5:1
ratio of photo-initiator to photo-absorber enabled successful printing with a minimum layer

thickness of 25 pm.
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Choosing a dispersant compatible with alumina to prevent agglomeration.
Solsperse AC5145 (Lubrizol, USA) was chosen for its compatibility with alumina and its
ability to anchor onto hydroxyl groups on the particle surface, forming a stabilizing
boundary. This prevented particle agglomeration and stabilized the ceramic resin -,
Selecting a photo-initiator responsive to the LCD printer’s wavelength (405 nm).
Phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide (BAPO) was selected as the photo-
initiator due to its strong absorption at 405 nm, matching the emission spectrum of the
LCD printer. This ensured efficient photopolymerization during printing.

Identifying the smallest achievable particle using wet ball milling to ensure stability in the
resin during printing and facilitate sintering. Wet ball milling was used to refine the
alumina particle size, yielding a steady-state value of 3.11+0.01 um (Supplementary Fig.
2). This size remained stable during subsequent mixing, ensuring consistent dispersion and
facilitating densification during sintering.

Adding the sintering aid to promote the sintering of alumina manufactured by 3D printing.
0.5 wt.% of nano-sized Titanium Oxide (TiO2) with respect to the weight of alumina

powder was added to the resin formulation during the wet ball milling process to improve

the flexural performance of the sintered alumina >'.

The final resin formulation contains 57 wt% refined alumina, was blended first with TiO2,

HDDA, UDMA, and Solsperse AC5145 via ball milling. Subsequently, BAPO and Sudan

Orange G were added into the resin via a mechanical stirrer to prevent them from losing their

vitality and enable effective photoinitiation and photoabsorption. This resulted in a resin

exhibiting viscosity at ~1035 mPa-s at a low shear rate of 10 s' (MCR302 Rheometer, Anton

Paar, Austria). The resin also exhibited shear-thinning behavior, favorable for ceramic 3D

printing (Supplementary Fig. 1).



Printing Process. A minimum layer thickness of 25 pum was used for printing. Five
combinations of laser light intensity in the range of 3 to 10 mW and exposure times in the range
of 10 to 20s were explored, and the laser light intensity of 10 mW and an exposure time of 20s
were used for printing. The detailed printing parameters are included in the Supplementary

Information (Supplementary Fig. 3).

Ceramic Sintering Profile. Sintering relatively large ceramic parts with intricate internal
structures and varying thicknesses presents two main challenges. The first is the friction
between large surfaces (e.g., >10 cm x 1 cm) that undergo large shrinkage — around 50% —
which can lead to cracking. To mitigate this, specimens were separated from the alumina
crucible surface using a thin layer of alumina particles (Dso = 100 pm; Merck, USA). These
particles, being large enough to avoid sintering or bonding with the printed parts, acted as

mechanical rollers, effectively reducing stress buildup during shrinkage.

The second challenge arises from the varying thickness within the component, which can cause
inhomogeneous shrinkage and cracking. To address this, a slow heating rate (1 °C/min) was
used along with a multi-step sequence at 350 °C and 750 °C to burn off the organic component
of the printed parts, followed by final two-step sintering at 1100 °C and 1650 °C in a muftle
furnace (CF1800, Across International, Australia). These temperatures were selected based on
thermogravimetric analysis (TGA) of the resin, while ensuring that the furnace’s heating

elements were not exposed to degrading conditions (Supplementary Figs. 4 and 5).

Polymer Infiltration and Interface Modification. Three polymers, Poly(methyl
methacrylate) PMMA, Silicone, and High molecular weight polycaprolactone (PCL), all
biocompatible polymers widely used in biomedical applications, were explored to form
deformable interfaces between ceramic building blocks. PCL was ultimately selected and was

vacuum infiltrated into the construct for its optimal combination of deformability, mechanical



strength, and adhesion to ceramic surfaces. To further improve the adhesion between PCL and
the ceramic surfaces, a silanization procedure was conducted. (Detailed procedure and the
comparison between different polymers can be found in the Methods section and

Supplementary Fig. 6)
Design

To design the nacre-like architecture, we required a space-filling platelet tessellating into a
mechanically interlocked structure in three dimensions. We began with a flat hexagonal unit,
which can be seen as three rhombus prisms (Fig. 2a). To introduce interlocking between
adjacent hexagonal blocks, while preserving its space-filling nature, the top and bottom faces
of each rhombus prism were tilted inward by an angle 6. This transformation yielded a “three-
dimensional bowtie” block geometry. To enable continuous ceramic printing and structural
integration, a central connective pin was incorporated into each block. This pin serves as a
mechanical anchor on which the subsequent layers can be deposited, analogous to mineral

bridges in natural nacre, facilitating both alignment and load transfer across layers.

A cross-section of a single block and a 3D assembly are shown in Fig. 2a and b, respectively.
The 3D bowtie shape is described by two geometrical parameters: (1) the aspect ratio p = L/t
, the ratio of the platelet length L to its average thickness ¢, (2) the interlocking angle 6. The
central thickness of the block must remain positive. This constraint leads to the following

geometric condition (equation (1)):

6 <tan™' [2) (1)
Yo,

The spatial arrangement of hexagonal platelets between adjacent layers is illustrated in Fig.
2b. The platelets are shifted in the neighboring layers to allow an overlap covering half of the

platelet length. As such, each pair of hexagons in the upper layer is aligned with the center



points of micro-pins in the lower layer. The blocks in each layer are positioned with a lateral

spacing g,/t and stacked vertically with an interlayer spacing g, /¢, ensuring consistent

alignment and interlocking across layers.

Equation (1) defines the boundaries of an admissible domain in the design space characterized

by the aspect ratio p and the interlocking angle 6. Within this domain, these parameters can

be tuned to generate a wide variety of geometries, as illustrated in Fig. 2¢c. To demonstrate the
versatility of our fabrication technique in tuning the architecture, samples were printed using
platelets with aspect ratios of 5 and 10 with an average thickness of 1.6 mm, and interlocking
angles were varied within the geometrically admissible range. For the aspect ratio of 5, the
interlocking angles of 5°, 107, 15", and 20  were implemented. For the aspect ratio of 10, the

interlocking angles of 5 and 10" were used (see Fig. 2¢). Throughout this exploration, the pin
diameter, lateral spacing, and vertical spacing were kept constant. A circular fillet with a
diameter of 0.3 mm was also incorporated at the base of the pin to remove the sharpness and,
in turn, reduce the severity of the stresses in load transfer between the platelets. All architecture
consisted of five layers of hexagonal platelets stacked vertically and connected via micro-pins.
An example of a 3D-printed, sintered, and infiltrated sample is shown in Fig. 2d. The side view
of the sintered sample, along with its corresponding SEM image, which illustrates the fillet
formation around the base and the dense microstructure of the sintered ceramic, is shown in
Fig. 2e. The minimum feature size between the platelets of ~70 pm and the minimum platelet

thickness of ~ 600 um have been achieved here.



Geometrically inadmissible

Equation 1

Aspectratio (L /1)
W

5 10 15 20
Interlocking angle 6 (degrees)

(d) Printed Sintered Sintered and infiltrated

10 mm 10 mm 10 mm

S mm ! - . . 5 mm

5 mm

Fig. 2. The overall design of the nacre-like architecture. (a) The schematic of the design parameters of
a single platelet. (b) The schematic of the spatial orientation between the platelets within the same layer
and adjacent layers. (c) The range of geometries admissible for printing with different interlocking angles
and aspect ratios. (d) The demonstration of the fully printed, sintered, and infiltrated sample that would
be ready for the mechanical testing. (¢) The side view of the sintered nacre-like architecture with the SEM
images from different resolutions.

Mechanical performance

To evaluate the mechanical performance of the composites in flexion, we conducted a

systematic study using samples with (1) a fixed aspect ratio o= 5 and various interlocking

angles = 5", 10", 15°and 20, and (2) a fixed interlocking angle @ =10" for various aspect
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ratios p=2.5,5, and 10. The bending test was preferred over compression tests to specifically

assess the material’s resistance to crack initiation and propagation. Four-point bending was
further preferred over three-point bending to apply a uniform bending moment across a larger
volume of material, enabling: (1) enhanced defect sensitivity, as a larger volume better
represents the bulk material and reveals the influence of internal flaws, if any, and (2)
demonstration of strain delocalization, showcasing the material’s ability to distribute
deformation and absorb energy over a wide region. Displacement was measured using
crosshead movement and corrected via manual image correlation, using the in situ optical
images taken during the tests. Force data was obtained using a calibrated 2 kN load cell.
Flexural stresses and strains were calculated assuming an equivalent homogeneous linear
elastic material. The mechanical testing set-up can be found in Supplementary Fig. 7, and the

calculations of stress and strain can be found in Supplementary Information.

Besides the flexural strain, we used optical images to quantify the deformation within the
material using two complementary approaches: (1) displacement between platelets was
measured to assess how deformation spread at different stages, and (2) the radius of curvature
variation along the top edge of the specimen was analyzed to evaluate the uniformity or
localization of deformation. The radius of curvature was measured at six equally spaced
locations along the specimen’s edge. Using MATLAB, edge points were detected, and arcs of
circles were fitted to these points at each location and deformation stage. This allowed us to
track changes in the radius of curvature (1/7) along the edge and over the course of deformation.

An example flexural stress-strain behavior of the sample with p= 5 and 6 =5 along with the

in situ images, analysis of the deformation between the building blocks and radius of curvature
variation along the edge are shown in Fig. 3. Supplementary Fig. 8 shows details of how we

measure the radius of curvature at each position along the edge.
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= 5. (b) The displacement map between the platelets. The arrows represent the displacement between

the platelets at different stages of deformation. (c) How the radius of curvature changes along the edge
of the samples at different stages of deformation.

The deformation behavior of the material showed four distinct stages:

Stage 0-I (Elastic Region): The elastic regime extended to ~1.2% strain. At point I, audible
cracking was detected, which we attributed to the failure of micro-pins between platelets. No
cracks were observed at the platelets. The radius of curvature at the edge remained uniform
across six locations. The displacement between the building blocks in the gauge area was ~
0.25 mm at the outermost layer of the specimen and decreased towards the inner parts. No

decrease in the distance between the blocks was observed in the compressive side, which we

attributed to the stiffening role of connecting micro-pins.

Stage I-1l (Yielding and Sliding): The stress-strain behavior plateaued, and the materials
showed large deformations. Despite being 52 vol% ceramic, the composites exhibited ductile-

like behavior, with no visible cracks at the platelets and no delamination between the ceramic
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and polymer up to ~ 10 % flexural strain. The radius of curvature at the edge increased by
seven times but remained yet uniform with no sign of localization in the radius of curvature or
in the deformation maps. The displacements between the building blocks increase to 0.5-1 mm

at the outer layer, and to 0-0.5 mm range at the inner layer.

Stage II-1Il (Crack Propagation and Ligament Formation): Initial cracks occurred in the
outermost ceramic platelets at approximately 10-20% strain. As a result, stress was
redistributed to the adjacent inner layers. The displacements between the building blocks kept
increasing to the 0.5-1.5 mm range at the outermost ceramic layers, while those in the inner
layers all increased to 0.25-0.5 mm. Deformation started to localize around the initially
fractured platelets, leading to the subsequent failure of neighboring platelets in the second
layer, particularly those near the original fracture sites. This localized deformation was also
seen in the changes of the radius of curvature, where the values started to localize around the
fourth position (Point “4”) on the curve (the failure point of the sample) (Fig. 3b). Despite this

localization of deformation, overall stress did not drop significantly, likely due to:

1. Incomplete crack penetration across the specimen width; each crack was confined within a

single platelet.

2. Formation of PCL ligaments that (i) bridged the crack and (ii) pulled on the fractured
interlocked pieces to further interlock and resist load. These ligaments played a significant
role in preventing a drop in force. Tensile tests on PCL showed a hardening behavior up

to around 350% strain (Supplementary Fig. 9).

Stage 1V (stress started to decrease): As cracks propagated through most layers, stress began
to decline at around 25% strain, exceeding typical strain thresholds observed in materials with
similar 50-60 vol% ceramic content **>*, The radius of curvature continued to localize at the

failure points of the sample: the fourth position (point “4”’), where cracks appeared before, and

13



the first position (point “1”’), where new cracks started to appear in the outermost layer at this

stage.

Overall, this deformation behavior, consistent across most interlocking angles and aspect
ratios, revealed four distinct toughening mechanisms: (1) interlayer platelet sliding
demonstrated by increased distance between the platelets at the initial stages of deformation at
the absence of cracks, (2) distributed deformation across the structure, (3) ligament formation
by the polymer phase that showed hardening under tensile load, and (4) stress relocation and

redistribution.

The effect of the interlocking angle. The flexural stress-strain and force-displacement curves of

samples with p=5and#= 5", 10", 15 ,and 20" are shown in Fig. 4a and Supplementary Fig.

10, respectively. Interlocking angles above 20 were geometrically inadmissible (equation (1)).
Overall, all samples exhibited similar overall stress—strain behavior across different
interlocking angles (Fig. 4a). Each material showed an initial linear elastic response followed
by plastic deformation with hardening, before stress began to decrease at around 20-25% strain.

A summary of the four-point bending tests is presented in Fig. 4b. The results show that

increasing the interlocking angle from 5 to 20’ slightly enhanced the modulus by 1.1 times,
flexural strength, and total energy absorption by 1.2 times. The effect of interlocking angles on
modulus was more significant than on strength and energy absorption. As the interlocking
angle increased, sliding became more constrained, and the modulus increased. However,
similar mechanisms of platelet failure, ligament formation, and stress relocation governed the
failure of the specimens, so the values of strength and energy absorption showed less
improvement with increasing the interlocking angle. This behavior is consistent with
observations in other architected materials, such as 3D-printed angled layers under tensile

loading .
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To ensure repeatability of the results, we repeated the tests for p=5 and # =20". We did not
repeat the test for all configurations as we did not observe a significant variation by altering
the interlocking angle, while the highest angle # =20" showed slightly higher performance.
The stress-strain curves for these repetitions are shown in Supplementary Fig. 11. The modulus,
flexural strength, and energy absorption (at 25% strain) of the material are, respectively, 2.27
+ 0.44 GPa, 41.4 + 1.33 MPa, and 6.35 + 0.97 MJ/m’ , matching values reported for cortical
bone *¢. The failure was graceful, not catastrophic. However, we could not do tests for strains
larger than ~ 30% because the specimens started to touch the loading stage. The actual energy
absorption of the nacre-like composites up to the failure, therefore, is more than the values

reported here.
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Fig. 4. The mechanical properties of nacre-like composites with different interlocking angles and
aspect ratios. (a) The stress-strain curve of the composite with different interlocking angles. (b) The
summary of the strength, modulus, and total energy absorption of the composite with different
interlocking angles. (c) The stress-strain curve of the composite with different aspect ratios. Their
corresponding mechanical properties are summarized in (d).

The effect of aspect ratio. To examine the effect of aspect ratio, samples with p=2.5, 5, and
10 were tested, all having the same interlocking angle & =10°. Higher aspect ratios were not

geometrically admissible for & =10" (equation (1)). The resulting stress—strain curves are

shown in Fig. 4c. The overall deformation and failure for all aspect ratios followed the same

stages [ to IV, as discussed for p =5 and captured in the corresponding in situ optical images

(Supplementary Fig. 12). The results show that increasing the aspect ratio did not significantly
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change the elastic modulus or flexural strength. However, the energy absorption of the samples

increased with increasing aspect ratios from 2.5 to 5 by around 33%.

At p =15, the failure was entirely governed by the platelet failure (Fig. 3), and no platelet pull-

out was observed. Decreasing the aspect ratio to 2.5 resulted in a mix-mode failure where some
of the platelets, particularly at the outer tensile side of the specimens, pulled out
(Supplementary Fig. 13), resulting in a significant drop in the force at the onset of stage I-1I of
the deformation, shown in Fig. 4c. This force drop resulted in a reduction in the overall area
under the curve at small aspect ratios p = 2.5, compared with higher aspect ratios p =15, and
10. However, the ultimate strength of the material was not affected by the aspect ratio, as the
tablet pull-out was predominantly observed at the outermost layer of platelets, and the final

failure was yet governed by the platelet fracture at the inner layers (Supplementary Fig. 13).

The results showed that for these nacre-like materials, increasing p and € to the highest
geometrically admissible combinations — governed by equation (1) — results in improved
performance. At these high aspect ratios and interlocking angles, the platelets reached their
load-bearing capacity, and the platelet failure was the dominant mode of failure. The individual
platelet failures, however, did not result in a reduction in load as the PCL ligaments, formed
post platelet fracture, showed significant hardening. The overall force started to significantly
decrease only when most platelets fractured or pulled out, with pull-out only observed at small

aspect ratios.

To confirm the repeatability of the results, we repeated the four-point bending test on three
samples with © =10 and @ =10 (Supplementary Fig. 11). Like the study of the effects of
interlocking angle, we did not do the repetitions for smaller aspect ratios, as altering the aspect

ratio did not significantly change the overall deformation behavior. For p=10and 6=10",

17



we found the flexural modulus of 2.11 +0.53 GPa, flexural strength of 39.50 +5.5 MPa, and

total energy absorption of 5.95+0.96 MJ/m’ .

Table 1 compares the modulus, maximum strength, and energy absorption of the composite
(up to 25% strain) with those of pure alumina, PCL, as well as the values of the rule of mixture
— upper bound for the modulus of the composite *’. The stress-strain of PCL and ceramic are
provided in Supplementary Information (Supplementary Fig. 14). As we couldn’t break the
PCL block using 4-point bending, and to capture the strength of the used PCL, we have used
tensile tests on PCL dog-bone samples for comparison. The results indicate that the energy
absorption of the nacre-like composite is five times higher than the value predicted by the rule
of mixture, demonstrating the effectiveness of the nacre-like architecture and the discussed
toughening mechanisms in yielding composites that outperform their constituents in terms of
energy absorption and toughness. The elastic modulus and strength of nacre-like composites
were, however, and as expected, respectively, thirty times and three times lower than the value

of the rule of mixture.

These comparisons can be more accurate considering the actual energy absorption of alumina.
In the composite and the polymer, energy dissipation occurs through the plastic deformation
of the polymer, leading to a progressive failure; thus, the area under the curve truly represents
the energy absorption of the material. However, for brittle materials like alumina, the area
under the curve does not represent the true energy dissipation, as the failure is catastrophic and
much of the energy is dissipated through dynamic effects and transferred to the test fixtures .
In all the ceramic samples tested under bending, a single crack consistently formed at the

middle of the beams, creating a flat surface. This resulted in the area formed by the crack being
the cross-sectional area of the beams (= 2.1x10™° m?). Thus, by multiplying the critical energy

release rate G, =27 J/m’ for alumina *° to the cross-sectional area, we could determine the
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actual energy absorbed to be ~5.7x107°J. The volume of the loaded material between the spans
of the four-point bending tests was 3.9x10™* m’, and thus the actual energy dissipation of the
ceramic per unit volume was 0.00145MJ/m’ . Considering this value, the energy absorption

of the nacre-like composite is more than 4,000 times higher than that of the ceramic and more

than five times higher than the rule of mixture.

Table 1 The summary of the mechanical properties of the composite and its main components, and the
comparison to the rule of mixture. The value inside the bracket represents the actual energy absorption
of the pure alumina ceramic.

Modulus Strength Energy Absorption up to
(GPa) (MPa) 25 % strain
(MJ/m*)
Pure ceramic 215+12 210+18 0.13+0.017 (0.00145)
PCL 0.174 35.48 2.46
Composite 227 £044 414 £133  6.35 £0.97
Rule of mixture 111 126 1.25(1.2)

Constructs with anatomical shapes

Our process of simultaneously growing the building blocks and shaping the internal
architecture and external shapes enabled us to fabricate the nacre-like material in complex
anatomical shapes. For example, a 50 mm long construct replicating the geometry of the human
tibia was produced (Fig. 5a). The design process started with a three-layer nacre-like sheet

sample with building blocks that have an interlocking angle @ =5 and aspect ratio p = 5. This

sheet sample was then rolled into a column and deformed into the shape of a human tibia with
three layers of interlocking building blocks, as shown in Supplementary Fig. 15. In bending,
three layers would be on the tensile side and three on the compression side. The same design

process was repeatable with a higher number of layers (Supplementary Fig. 16). The same
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ceramic resin, sintering profile, silanization, and infiltration protocols were used for the
fabrication. The outcome of each step of the fabrication is shown in Fig. 5a. The only difference
to the beams was that, since we had a hole in the center of the construct, a silicone shaft was
made and inserted into it before infiltration to prevent PCL from filling the center, thereby
duplicating the shape of the marrow cavity in the tibia. Three-point bending was used to
characterize the mechanical performance of this nacre-like tibia sample. The stress-strain curve
is shown in Fig. 5b. The results show that the anatomical shape nacre-like construct showed
similar bending behavior as the beam samples with 0.48 GPa in flexural modulus, 44.54 MPa
in flexural strength, and 6.18 MJ/m? in energy absorption up to 25 % strain. Compared to
beams, however, the stress started to decrease at larger strains around 80 % to 100 %, which

we attributed to the size effects 0.
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Fig. 5. Fabrication and mechanics of anatomically shaped constructs. (a) The designed, printed,
sintered, and infiltrated construct replicating the shape of the tibia with 3 layers of platelets. (b) The
stress-strain curve under the three-point bending test.

Discussion

Bioinspired materials composed of stiff, strong building blocks interacting through deformable
interfaces offer a promising pathway toward achieving the long-sought combination of
stiffness, strength, and toughness — a major challenge in materials science and engineering.

Significant progress has been made in developing and understanding these systems,
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particularly nacre-like brick-and-mortar composites. However, practical implementation
remains limited by challenges in controlling the composition, shape, and arrangement of
building blocks, especially in complex geometries and at scales relevant to real-world

applications (centimeter to meter range).

In this work, a light-based fabrication technology was developed to simultaneously deposit and
assemble alumina platelets on connecting micropins, resulting in a nacre-like architecture. The
areas between these alumina platelets were then infiltrated by polycaprolactone (PCL). This
approach enables precise control over the geometry and spatial arrangement of platelets,
allowing the creation of complex shapes in sizes ranging from centimeters to tens of
centimeters with a minimum feature size of ~70 um (the distance between the platelets). The
ceramic resin composition and choice of the infiltrating tough phase can be relatively easily

tailored to change the composition of the final composites.

Example applications are anatomical shapes needed for the repair of critical-sized bone defects,
which is yet an unmet clinical need. The resulting composites exhibit a flexural stiffness of
2.27 + 0.44 GPa, a flexural strength of 41.4 +1.33 MPa, and energy absorption of 6.35+0.97
MIJ/m’, matching the energy absorption of cortical bone, 4,000 times higher than the ceramic
constituent, and more than five times higher than the rule of mixture. The stiffness and strength
were respectively thirty times and three times lower than the values of the rule of mixture. The
enhancement in energy absorption is attributed to the four distinct toughening mechanisms of
platelet sliding, distributed deformation, ligament formation, and stress relocation and
redistribution. These materials were also successfully formed into anatomically complex
shapes representing segmental defects in the tibia, demonstrating the potential of this
technology for load-bearing biomedical applications. Our approach bridges the gap between
natural inspiration and scalable engineering, opening new avenues for the use of ceramics in

biomedical and structural applications.
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Outlook. The mechanical performance of our constructs is currently limited by the stiffness
and strength of the base ceramic. These properties can be enhanced by increasing the particle
loading in the resin and incorporating a combination of nano- and micro-scale ceramic particles
— approaches that have been used before to improve the properties of ceramics ®! but not yet
implemented in 3D printed ceramics, particularly the ceramic made of space-filling building
blocks reported here. While these approaches increase resin viscosity, it can be mitigated by
heating the resin bath to a temperature below the degradation threshold of the photoinitiator

and photoabsorber, thereby reducing viscosity to an acceptable range.

The optimization of the architecture is material-dependent, and for each set of ingredients and
interface conditions, various architectural effects can be discovered. Platelet failure was not a
detrimental mode of failure in the nacre-like materials made of alumina and PCL reported here,
due to a significant PCL ligament formation post failure of platelets and the hardening behavior
of PCL in tension. However, it can be a detrimental mode of failure if other materials are used.
Also, we did not observe delamination between the two phases due to the silanisation of
surfaces. Studying the effects of materials and their interface behavior on architecture-
performance relationships and optimum architecture deserves further theoretical and

experimental studies.

Similarly, size can play a significant role in the mechanics of the materials. In this study, our
samples consisted of five layers of interlocking blocks. Tests on samples with fewer layers
(e.g., three) showed reduced flexural strength, primarily due to more pronounced edge effects

(Supplementary Fig. 17) ¢

. These effects diminish as the number of layers increases. Exploring
these size effects, considering the size limitations imposed by the applications, and the

resolution limitations imposed by the manufacturing techniques, deserve further investigation.
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Improving the resolution of the printing process, through, for example, the use of more precise
light sources and diverse pathways for photopolymerization inhibition, could help mitigate size
effects and further enhance mechanical performance. For example, two-photon polymerization
of polymer-derived nanoscale ceramic platelets holds promise for creating bio-inspired
composites that leverage the exceptional strength of nanoscale ceramics while retaining the
deformability and toughness imparted by the architecture and the printing paradigm
implemented here. Moreover, additional biocompatibility, in vitro, and in vivo studies are

necessary to prove the clinical applicability of the constructs developed here.
Methods
Preparing the ceramic powder

We used a commercially available alumina powder (Sigma Aldrich product code 11028) as an
example material to demonstrate the 3D printing process. Colloidal ball milling was used to
refine the particles from D,;=97 pm to D,,=3.11+0.01 pminside a zirconia ball milling jar.
The procedure started with mixing 28 wt% of the particles with 50 wt% zirconia balls and 22
wt% ethanol. The zirconia balls had four different diameters: 20, 15, 3, and 1 mm, with weight
ratios of 27 %, 18%, 25%, and 25 %, respectively. The mixture was ball milled for 180 min at
250 rpm (pulverisette 5, FRITSCH, Germany). This speed was chosen as it is the maximum
rotational speed allowed by the milling machine. The refined slurry was then dried at 150°C
for 24 hours. The dried powder was manually ground using a mortar and pestle and was filtered
through a 315 um sieve to remove the large clusters. The size of the refined ceramic particles
was characterized using a laser diffraction analysis (Mastersizer 3000, Malvern Instruments,

UK). The particle size reached a semi-steady state value with Dy, = 3.11 £0.01 um after 180

mins refinement — the particle size that we used in this work (Supplementary Fig. 2).
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Printing samples

In this study, the ceramic resin was prepared with 57 wt% refined alumina ceramic powder

with D,; =3.11+0.01 um as the solid phase content. This particle concentration was chosen to

maintain a suitable viscosity (< 3000 mPa-s), which ensured proper resin flow during the
printing process and gave the sample a high density (3.82 g/cm’) after sintering. 0.5 wt% of

Titanium Oxide nanoparticles (Sigma Aldrich product code 1003746316, US) with respect to
the weight of alumina powder was used as the sintering aid to promote the sintering to have a
defect-free ceramic lattice structure. 1,6-Hexanediol diacrylate (HDDA, Sigma Aldrich) and
Diurethane dimethacrylate (UDMA, Sigma Aldrich) were mixed at a 9:1 ratio and magnetically
stirred at 200 rpm for 30 minutes to be used as resin monomers. Solsperse AC5145 (Lubrizol,
USA), phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide (BAPO, Sigma Aldrich), and
Sudan Orange G (Sigma Aldrich) were employed as the dispersant, photoinitiator, and
photoabsorber. The ratio between monomers and dispersant was 3.4 to 1. The ratios of the
BAPO and Sudan Orange G were respectively 0.3 wt% and 0.0353 wt% with respect to the
monomers. All components were mixed by ball milling at 200 rpm for three hours with a ball:
material ratio of ~ 1:1 to ensure homogeneous mixing. The stock resins were kept in glass

containers wrapped with aluminum foil to prevent exposure to light.

The Zortrax Inkspire 2 printer (Olsztyn, Poland) was then used to print the specimens. The
maximum laser light intensity of 10 mW/cm? and exposure time of 20s that are supported by

the printer were applied to our resin. To achieve a fine resolution of printing, a minimum layer
thickness of 25 um was used. The printing process used a clean resin bath with a wiper to mix
and recoat the resin in the resin bath. The wiper frequency was set after every 5 layers and at
30 mm/s to ensure uniform and homogeneous recoating of the resin. The detailed printing

settings can be found in Supplementary Fig. 3.
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Sintering samples

After printing, the ceramic green bodies were sent to a high-temperature furnace (CF1800,
Across International, Australia) for sintering and debinding. The thermogravimetric analysis
(TGA) of the resin between 30 °C and 1600 °C at a heating rate of 20 °C/min revealed four
distinctive decomposition peaks at 156.9 °C, 285 °C, 407.5 °C, and 534.6 °C (Supplementary
Fig. 5). The manufacturer recommended against operating the CF1800 muffle furnace for a
long time below 250 °C and between 400 °C and 700 °C to protect the furnace’s heating
elements. Thus, we have set a multi-step heating sequence of 350 °C and 750 °C for 6 hours to
cover the decomposition peaks and burn off the organic component of the printed parts without
compromising the heating elements. To address the inhomogeneous shrinkage and cracking
caused by the varying thicknesses within the printed component, a slow heating rate (1 °C/min)
was used for debinding. This was followed by sintering at 1100 °C to allow the titanium oxide
nanoparticles to diffuse, and at 1650 °C for 6 hours in a muftle furnace to allow the samples to
be fully dense and sintered. A median heating rate of 2 °C/min was used for the sintering phase
to allow the sample to uniformly densify. (See Supplementary Fig. 4 for the detailed sintering

profile).

To mitigate cracking of the specimens during the sintering process due to friction with the
crucible and significant shrinkage (around 50 %), specimens were separated from the alumina
crucible surface using a thin layer of alumina particles (Dso = 100 um; Merck, USA). These
particles, being large enough to avoid sintering or bonding with the printed parts, acted as

mechanical rollers, effectively reducing stress buildup during shrinkage.

The silanization protocol

All ceramic constructs were surface silanised with 3-aminopropyltriethoxysilane (APTES,

Sigma Aldrich Product Code:1003777183). Before the silanization process, the sintered
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ceramic pieces were placed in pure ethanol and ultrasonicated for 1 minute to clean and

introduce some hydrogen molecules on the surface. The pieces then dried at 100°C for 10 — 15
minutes in a vacuum oven. 5.56 ml of APTES was then added into a 50 ml deionized water-
methanol solution (water: methanol volume ratio 3:1) while the solution was being
magnetically stirred at a speed of 200 rpm. Next, 12 ml of acetic acid was added to the solution
to restore the pH level to between 4.5 and 5. After all solutions had been added to the beaker,
the stirring speed was increased to 400 rpm for 1 hour to fully hydrolyze the silane species.

The surface silanisation was then achieved by soaking the sintered sample for 30 minutes at 40

°C . The silanised samples were subsequently washed through repeated rinsing with pure

ethanol, then dried in air and stored in a desiccator.

Infiltrating the mold with PCL

High molecular weight polycaprolactone (PCL, Sigma Aldrich Product code 1003835078) was
used as the infiltration material for this study due to its biocompatibility and mechanical
toughness. First, an inverse 3D-printed polymer casting mold with the desired shape and depth
was made using GreyPro V2 resin and Form 3+ printer from Formlabs (MA, US). The height
and the length of the inverse cavity were the same as those of the nacre-like blocks. The 3D-
printed parts were then used to create a silicone mold (PINKSIL, Barnes, AUS). The infiltration
process took three steps: 1) filling the silicon mold with PCL beads first and subsequently
melting them in a vacuum at 170°C . 2) putting the sintered ceramic sample into the silicon
mold and pressing it with a weight on top of it. 3) heating the sample at 170°C for 1 hour with
a weight on top of it to conclude the infiltration process. The samples and oven were then
naturally cooled down at a rate of approximately 10 °C/min. After the infiltration, the surface
of the composite was sanded to remove any polymer residue to make it ready for mechanical

testing.
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Mechanical testing

To evaluate the mechanical properties of the nacre-like composite, a four-point bending test
was used to characterize the bending performance with an outer span of 50 mm and an inner
span of 18 mm. The testing was maintained at a loading rate of 0.3 mm/min throughout the
entire process. Force was obtained using a calibrated 2kN load cell. The displacement was
captured using device crosshead displacements and corrected by manual image correlation
using in situ imaging that was captured throughout testing. The bending stress and strain of all
composites were computed under the assumption that the composite is homogeneous and linear
elastic. The elastic modulus was measured as the initial slope of the stress-strain curve. The
flexural strength was computed as the maximum flexural stress. The energy absorption was
then derived from the area under the stress-strain curve. To compare the mechanical properties
of nacre-like composite with the rule of mixture, the properties of its main constituents, alumina
and PCL, were obtained via a three-point bending test and tensile test, respectively. The
prediction value from the rule of mixture can then be calculated as a weighted sum of the
mechanical properties of its main constituents based on their respective volume fractions in the
composite. The details of the testing procedure and calculation process for the four-point

bending, three-point bending, and tensile test are discussed in the Supplementary Information.

Data availability

All data needed to evaluate the conclusions in the paper are present in the paper and/or the

Supplementary Information. All the additional data and the codes are available from the

corresponding author upon request.
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